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RECYCLED SUBSTRATES: PLANT BIOMASS AND PLANT 
COVER CORRELATION 
 
Abstract 
 
Green roofs extend roof membrane life and reduce waste to landfills. However, green roof costs 
must be reduced if their benefits are to accrue more widely. Use of recycled materials may 
reduce costs and also keep those materials out of landfills. Some work has been done on use of 
local recycled materials for green roof substrates, but none describe the characteristics, 
proportions and results of using an entire suite of blended recycled materials in admixtures (i.e., 
mixtures of very different materials) such as crumb rubber (CR), crushed used brick (CB) and 
compost (CPT) in concert with greens grade sand (#10), biochar (B) and topsoil inoculum (T). 
How does plant growth and performance on recycled substrates compare with a typical 
expanded shale and clay (ESC) substrate?  
Two main techniques for measuring performance of green roof treatments are plant biomass 
and plant coverage. Both measure plant growth and performance, while coverage specifically 
addresses FLL (Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau Guidelines for 
the Planning, Construction and Maintenance of Green Roofing) standards. This research project 
tested native plants on recycled substrate admixtures to assess the correlation between these 
two measures. It was found that the biomass and cover were strongly correlated at 0.665 (P 
<.0001). Recycled substrate admixtures were found to be heavier, hold less water and had 
significantly less biomass and cover than the proprietary green roof substrate used as a control, 
but their native plantings still held the substrate in place. It is suggested that compost is a key 
ingredient for biomass production and future recycled green roof substrate might use recycled 
crumb rubber, biochar and compost for lighter substrate loading. 
 
 
Introduction 
How are your green roofs doing? This is an important question for designers, users, owners, 
and researchers who work with green roofs. A sustainable green roof (e.g., How ‘green’ is your 
green roof?) means that the resources committed to its construction and maintenance do not 
put undue burdens on other environments or its construction budget. As well, a growing and 
thriving green roof most likely means that the benefits for which it was created are supported.  
One way to improve the sustainability of green roofs occurs when its most expensive element, 
the growing substrate, is comprised of recycled material. For example crushed brick is an 
important substrate ingredient in the United Kingdom (Molineaux et al 2009) and has been 
examined in North America (Griffin et al 2017), crushed porcelain and foamed glass (Eski and 
Rowe 2016) and even crumb rubber (Solano et al 2012) may be useful. It has also been 
suggested that heterogeneity of substrates can aid biodiversity (GRHC 2006, Dunnett 2015) 
and such heterogeneity could be used as a design feature to subtly hold plant patterns on green 
roofs reducing costly maintenance (Sutton et al 2016). Availability, cost, and weight are key 
aspects of recycled materials for use as growth media substrates, so the component admixtures 
of recycled materials might vary from place to place. 
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Measures of plant performance mainly use two approaches: cover and biomass. In the case of 
coverage, it has been mandated by specifications and requirements like the FLL 80% coverage 
standard. A search of Google Scholar™ with the keywords, “green roof” + cover, yielded at least 
30 studies. They ranged from predicting runoff quality and quantity to water captured by plant 
canopies, to irrigation regimens, to heat movement, to wind protection of substrate, to plant 
comparisons, to plant community structure, to substrate characteristics and so on.  
Little doubt exists about roof coverage by plants’ importance to indicate, “How a green roof is 
doing.” The use of Sedum spp. as the predominate, traditional green roof plant comes about 
because it is a ground cover and readily creeps to fill in openings, hence, the use of coverage is 
a reasonable measure of its success on a green roof. 
Biomass, on the other hand, appeared in less than half the number of citations (14 vs. 30). 
Biomass is not used as a standard by FLL and as suggested by Sutton (2013a) high biomass 
production in and of itself should not be a goal for growing and managing green roofs. Plants 
placed on green roofs function largely to protect the substrate from scouring and ultimately 
membrane compromise. However, range ecologists and managers understand biomass affects 
the potential for range health and productivity as well as timing and animal stocking numbers. 
Those managers have been clipping plots to determine biomass on grazing land for years (e.g., 
Schumacher and Chapman 1942, Daubenmire and Colwell 1942). One possible reason for the 
fewer citations for clipped biomass on green roofs may be the rather recent interest in and use 
of native grass plantings. However, as native grasses and forbs see increased use to create 
biodiverse green roof plantings (2013b), clipping maybe an alternate way to gauge green roof 
health and growth. If so, how does plant aboveground biomass compare to coverage measures 
on a green roof?  
Another aspect that the Google Scholar™ search found was that usually only top biomass of a 
green roof plant was measured. Studies that clip the tops are often done seasonally, after 
growth has ceased, whereas, roots must be harvested in order to sample plant total biomass 
successfully. This destructive sampling is not desirable on an existing green roof and usually 
done only on research plots. To analyze green roof plants for carbon sequestration requires 
complete destructive sampling. Lindquist and Sutton (2015) in a greenhouse study found that 
total biomass for two green roof plants blue grama and white sedum had significantly different 
total biomass weights. They suggested native grasses invested more of its biomass 
underground in the roots and therefore sequestered and stored more carbon. The Google 
Scholar™ search noted above only found three studies that measured both coverage and 
biomass (Dunnett et al 2008, Getter et al 2009, Whittinghill and Rowe 2014) but did not 
correlate them.  
This study looked at two common ways we measure how a green roof is performing: plant 
biomass and percent roof coverage by plants. It had two objectives: 1) compare varying 
admixtures of recycled materials with an industry standard propriety extensive green roof 
substrate by measuring biomass and coverage of roof surface by native plants thereon and 2) to 
examine biomass versus plant coverage on a green roof as the dependent variables for 
comparing green roof plots. If those measures could be identified as correlated, might biomass 
predict roof coverage by native plants? 
Materials & Methods 
Using recycled material in substrate admixtures meshes with the philosophy and day-to-day 
operation of EcoStores Nebraska -- a recycled materials business in Lincoln, NE. EcoStores 
was also interested in creating a covered, outdoor storage structure in their sales yard. Such a 
structure was designed and built (Figure 1) in 2015 with a sloping 3.66m by 6.1m 1(2-foot by 20-
foot) roof at 1:5.25 (19%, 10.8°). Fifteen, 1.22 by 1.22m (4–foot by 4-foot) plots, 15.24cm (6-
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inches) in depth were placed in 3 rows of 5 plots each on the roof. The plots sat on top of two, 
60-mil EPDM (ethylene propylene diene monomer) membranes, a root barrier and an Enkadrain 
3611R™(Global Plastic Sheeting, 6020 Progressive Ave., Suite 300, San Diego, CA 92154) 
drainage layer. Six-inch TECO™ plastic edging surrounded the plots and the roof edge. The 
TECO edge (Oly-ola 124 E. St. Charles RD, Villa Park, IL 60181) came perforated with 10.2cm 
(4-inch) long by 5.72mm (0.15-in) wide slots 2.54cm (1-inch) on center to allow drainage. It was 
hypothesized that the lower row would receive extra moisture draining from upper and middle 
rows, so each row was considered as a block and four substrate treatments plus a control were 
randomly assigned a location along the row (block). The control substrate was Midwest Trading 
Extensive (MTE) (Midwest Trading Horticultural Supplies, Inc. P.O Box 398 Maple Park, IL 
60151) a material composed of heat-expanded shale and clay (ESC) mixed with compost (Lin-
Gro, City of Lincoln, NE 555 S. 10th Lincoln, NE 68501). The four treatments were admixes with 
differing proportions of #8 crumb rubber (Entire Recycling Rock Port, MO –now defunct), #10 
greens grade sand (Lyman-Richey Corporation 2625 South 158th Plaza Omaha, NE, 68130), 
one-half inch minus crushed brick, screened compost biochar (High Plains Biochar LLC 108 
Howe Rd Laramie, WY 82070) and a biological activator of native topsoil. The recycled materials 
were mixed to desired treatment proportions with a batch mixer and placed in their respective 
plots. 
Previously, individual recycled materials had been analyzed with regards to chemical leachate 
(Table 1) particle size (Table 2), synthesized particle distributions of the recycled material per 
treatment (Table 3) and proportions of the control and four treatments with their water holding 
capacities (Table 4). The recycled materials tended to be heavier, held less water after free-
draining, and had less compost nutrient base (percent by volume) than the MTE control. The 
intent was not to create an admixture that produced lush plant growth. Nagase and Dunnett 
(2011) found that overly lush perennial plant growth impacted over wintering survival.  
The 1.22 m (4-foot by 4-foot) plots were planted with the same randomized array of forty-nine 
plants at six-inches on center and consisted of twenty-six specimens of native graminoid 
(grasses and sedges) species, twenty specimens of native forbs and three speciments of native 
shrubs. Different plant species were represented with different numbers of individuals with 
graminoids predominating (Table 5).  
At the end of the growing season in late September of 2015 and September 2016 while the 
plants were still green, each plot was photographed at an oblique angle and the images were 
then rectified and standardized to 31.75cm (12.5-inches by 12.5-inches) using PhotoShop 
(Figure 2). Next, using the application called VegFrac with its threshold set at 30, the area of 
vegetation coverage was computed for each plot (Table 6). 
In December of 2015, each plant top (except for shrubs) in each plot was clipped, bagged, 
oven-dried for 24 hours at 100°C, and weighed. In March of 2017 biomass from the 2016 
season was harvested (Figure 3). The December 2015 process had been extremely time-
consuming so for the 2016 growing season only graminoids were harvested and each species’ 
samples were lumped together for each plot, before oven-drying and weighing. Graminoids 
comprised 26 of the 49 plants per plot and a large portion of the plot biomass. Because the 
2015 biomass samples were weighed by species, graminoids could be identified and lumped to 
match the 2016 season sampling procedure (Table 6). 
Deploying ANCOVA (analysis of covariance) was not possible because treatment (growth 
media composition) influences both coverage and dry weight. So a multivariate analysis was 
used where each measure on each treatment and year became a data point. Also, repeated 
measures analysis accounts for treatment correlations between two subsequent years’ data.  
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Figure 1. Ecostores-Nebraska in Lincoln sports a demonstration green roof with recycled 
substrate plots and native plantings. The green roof was established in June 2015 with the 
slope facing north. 
Table 1. Chemical properties of materials used in substrate admixtures. 
  PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM PPM 
MATERIAL pH Na Ca Mg K Zn Mn Cu Fe P B Cl NH4 N 
Midwest Trading 
Extensive 
6.3 18.4 36.7 16.1 59.8 0.66 0.10 0.17 0.10 0.74 0.44 26.7 2.90 
Crumb Rubber 6.5 17.6 4.56 2.00 16.6 2.47 0.10 0.10 0.12 0.13 0.20 12.1 2.89 
Crushed Brick 8.6* 64.4 88.7 2.00 53.2 0.10 0.10 0.10 0.10 0.18 0.20 52.0 3.01 
Sand 6.4 14.0 7.22 3.33 17.5 0.10 0.10 0.10 0.83 0.34 0.20 15.1 2.97 
* high pH most likely due to some mortar left on some bricks 
 
Table 2. Particle size distribution of materials used in substrate admixtures. 
Sieve Size 
(mm) 
9.3 6.3 4.75 4 2.38 2 1 0.5 0.1* 
 % Pass % Pass % Pass % Pass % Pass % Pass % Pass % Pass % Pass 
MATERIAL                   
Midwest 
Trading 
Extensive 
100 98 92 86 59 50 23 12 8 
Crumb Rubber 100 100 98 82 0 0 0 0 0 
Crushed Brick 87 72 61 56 42 38 26 20 2 
Sand 100 100 100 100 100 99 93 78 0 
Compost & 
Biochar 
100 100 100 100 100 99 90 70 20 
* estimated 
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Table 3. Percent volume and water held by substrate control and treatments (admixtures) 1-4. 
MATERIALS CONTROL Trt #1 Trt #2 Trt #3 Trt #4 
M. T. Extensive %of volume 85 0 0 0 0 
Crumb Rubber %of volume 0 20 30 47 60 
Crushed Brick %of volume 0 40 30 24 14 
#10 Sand %of volume 0 30 24 13 15 
Compost %of volume 15 10 10 10 5 
Biochar + Soil %of volume 0 0 6 6 6 
Sat. Wt g/l 1158.5 1516.11 1331.64 1084.26 1002.33 
Dry Wt (Field Cap.) (g/l) 745.8 1279.8 1120.42 906.64 841.19 
Avail. H2O (g/l) 412.7 236.31 211.24 177.62 161.14 
 
Table 4. Synthesized particle distribution for admixes used in treatments 1- 4. 
Sieve Size (mm) 9.3 6.3 4.75 4 2.38 2 1 0.5 0.1* 
 % 
Pass 
% 
Pass 
% 
Pass 
% 
Pass 
% 
Pass 
% 
Pass 
% 
Pass 
% 
Pass 
% 
Pass 
Admixes          
TRT #1 94.8 88.8 84 78.8 56.8 54.8 47.3 38.4 2.8 
TRT #2 96.1 91.6 87.7 81.4 52.6 51 44.5 35.9 3.8 
TRT #3 96.9 93.3 89.7 81 39.1 37.8 32.7 26.1 3.7 
TRT #4 98.18 96.08 93.34 83.04 31.88 31.06 27.49 22.2 2.48 
• estimated 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Rectified PhotoShop™ image of plot rendered in VegFrac™ with tolerance set to 30. 
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Figure 3. Clipping plots to measure graminoid biomass December 2015. 
 
Results 
The correlation between the two responses is 0.66475 (p-value<.0001) (Table 7). This indicates 
that the correlation is highly significant, and that higher VegFrac values tend to strongly 
correspond to higher DryWt values. 
Since DryWt and VegFrac measurements are taken on the same experimental unit in 
two subsequent years, the measurements are correlated with each other. In order to 
account for that correlation, the compound symmetry (CS) covariance structure, with 
constant variances and covariances, was used. Several other covariance structures 
were investigated but CS was found to be the best option. The common covariance is 
estimated to be 4.6491 (Table 8). The fixed effect “measure” denotes the multivariate 
responses of DryWt and VegFrac. The Type III Tests of Fixed Effects (Table 9) show that there 
is no interaction of year and treatment, for either measure (VegFrac or DryWt) and there is no 
effect of year on either measure. There is however, a significant effect of Treatment on at least 
one of the measures, DryWt or VegFrac (p-value=0.0004). The Tests of Effect Slices (Table 10) 
depicts a significant effect for Treatment on DryWt (p-value <.0001), but not on VegFrac. The 
Tukey adjustment for multiple comparisons was used to keep the Type I error rate low. 
Treatment 5 (Midwest Trading Extensive substrate control) resulted in significantly higher DryWt 
(Table 11) than all other treatments and there was a marginally significant difference between 
treatments 1 and 4, with treatment 1 resulting in a higher DryWt (not shown). 
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Table 5. These twenty-one species consisting of forty-nine individuals were planted 15.24cm (6-
inches) OC per 1.22m X 1.22m (4-foot X 4-foot) plot. Forty–two of the species survived 2 years. 
Genus and Species Common Name Individuals Alive 
2017 
Graminoids (Grasses and Sedges)   
Bouteloua gracilis Blue grama 5 √ 
Bouteloua hirsuta hairy grama 2 √ 
Carex brevifolia Brevior sedge 4 √ 
Carex filifolia threadleaf sedge 1 √ 
Carex inops heliopsis sun sedge 4 √ 
Eragrostis trichodes sand lovegrass 5 √ 
Koleria pyramidalis Junegrass 5 √ 
Forbs    
Aster ericoides heath aster 2 √ 
Calylophus serrulatus* yellow sundrops* 1  
Dalea purpurea purple prairieclover 2 √ 
Erigeron strigosus daisy fleabane 2 √ 
Liatris aspera prairie blazing star 2 √ 
Penstemon pinifolius* pineneedle beardtongue* 2  
Ratibida columnifera prairie coneflower** 1  
Solidago canadensis Canada goldenrod 3 √ 
Solidago rigida stiff goldenrod 1 √ 
Sphaeralcea coccinea** cowboy’s delight* 1  
Tradescantia occidentalis western spiderwort 3 √ 
Shrubs    
Gutierrezia sarothae broom snakeweed* 1  
Rhus microphylla  littleleaf sumac** 1  
Rhus trilobata lemonade sumac** 1  
Total  49  
* died 2015 ** died 2016 
 
 
Table 6. Simple statistics for Dried Graminoid Biomass (DryWt) (grams) and Cover (VegFrac) 
(percentage of area covered). 
 
Simple Statistics 
Variable N Mean Std Dev Sum Minimum Maximum Label 
VegFrac 30 32.05 7.46 961.4 16.20 49.80 VegFrac 
DryWt 30 58.98 32.64 1769 23.62 135.11 DryWt 
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Table 7. Pearson Correlation Coefficients for Biomass (DryWt) and cover (VegFrac). 
Pearson Correlation Coefficients, N = 30  
Prob > |r| under H0: Rho=0 
  VegFrac DryWt 
VegFrac 
 
1.00000 
 
0.66475     
<.0001 
 
DryWt 
 
0.66475    
<.0001 
 
1.00000 
 
 
 
 
Table 8. Covariance Parameter Estimates. 
 
Covariance Parameter Estimates 
Covariance Parameter Subject Estimate Standard Error 
CS BLK(TRT) 4.6491 16.517 
Residual   113.74 29.367 
 
 
 
 
Table 9. Type III Tests of Fixed Effects. 
 
Effect Num DF Den DF F Value Pr > F 
DryWt & VegFrac (measure) 1 6 95.64 <.0001 
TRT(measure) 8 6 27.06 0.0004 
YR(measure) 2 20 0.01 0.9862 
YR*TRT(measure) 8 20 0.70 0.6869 
 
 
 
Table 10 Tests of Effect for TRT(measure) Sliced by measure 
 
measure Num DF Den DF F Value Pr > F 
DryWt 4 6 53.51 <.0001 
VegFr 4 6 1.60 0.2879 
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Table 11. Simple Effect Comparisons of TRT(measure) Least Squares Means By measure 
Adjustment for Multiple Comparisons: Tukey 
 
 
 
 
 
Discussion and Conclusions 
Objective 1: Impact of recycled growing substrate 
All four treatments appear to have produced significantly less biomass than the control and hold 
less available water (see Table 3). It is important to mention that even though the native plants 
on recycled substrate had less above-ground biomass and less coverage, 26 specimens of 
graminoids and 15 of forbs survived two growing seasons, grew, and provided some cover. 
They successfully anchored the substrate.  
Why was the biomass production in control plots greater than the biomass production in the 
recycled admixture treatments? After controlling for moisture by using blocking, we suggest this 
difference is probably tied to the amount of compost (nutrients) available from each admixture 
and less available water. Table 3 shows that the 15% compost in MTE was greater than the 
treatments at 5% or 10%. The marginally significant difference in dry biomass weight between 
Treatments #1 and #4 may also be tied to the percent compost fraction.  Treatment #1 had 5% 
and Treatments #2. #3, and #4 contained 10% (Table 3). Importantly, treatment #1 had twice as 
much available water than the other treatments but only about 57 percent of the MTE control. 
 
 
Objective 2: Correlation of biomass and coverage 
A strong, positive, and significant correlation [0.665 (P <.0001)] exists between biomass (DryWt) 
and cover (VegFrac) in the plots for both year’s data. The correlation, however, may be 
impacted by plant growth form. None of the treatments or the control were significantly different 
from one another with regards to cover and after two growing seasons still had not reached the 
FLL 80% coverage standard. This may have been due to the use of forbs, shrubs and 
graminoids; all have significantly different growth habits and thus display differing coverage. 
 
 
 
 
 
 
Simple Effect 
Level 
TRT TRT Estimate Std    
Error 
DF t Value Pr > |t| Adj P 
measure DryWt 1 5 -59.5567 6.4041 6 -9.30 <.0001 0.0005 
measure DryWt 2 5 -67.7433 6.4041 6 -10.58 <.0001 0.0003 
measure DryWt 3 5 -75.1167 6.4041 6 -11.73 <.0001 0.0001 
measure DryWt 4 5 -83.2767 6.4041 6 -13.00 <.0001 <.0001 
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Figure 8. LS Means for dry weight (DryWT) and coverage (VegFrac) by treatments. All 
treatments were similar to each other for dry weight and coverage, but significantly different 
from the Midwest Trading extensive control for dry weight only. Control is Treatment #5. 
 
Photos to record coverage are quicker and easier to perform, and can predict biomass. 
However, if only coverage had been used as a measure in this study, the difference in biomass 
between the control and the treatments would have been missed. Biomass for native graminoid 
plantings maybe a more finely-tuned measure of “How the green roof is doing.” Furthermore, 
because graminoids most likely have more of their biomass in roots, differences may have been 
even greater for biomass but, we did not do the destructive sampling needed to determine root 
biomass. Anecdotally, the 2017 growing season is showing some infill seeding of grasses on 
most of the plots.  
Future directions for research 
To expand their usage, green roofs must get lighter and costs for green roof materials must 
decrease but, the weight of sand and crushed brick, along with their low water holding 
capacities limit their use for retrofitting existing structures with green roofs. However, crumb 
rubber may become a key constituent for recycled green roof substrate. Tests of proportions of 
crumb rubber and compost and their effect on native green roof plantings should be done. 
Biochar may also hold promise for improved plant nutrition and sequestration of excessive 
nutrient leaching. 
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